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Abstract 
High temperature heat transfer and energy storage characteristics of methane reforming in tubular packed reactor are 
investigated under different operating temperature and inlet conditions. Experimental results show that the methane 
reforming in tubular packed reactor can efficiently storage high temperature thermal energy, and the thermochemical 
storage, sensible heat increment and heat loss are all very important. As the operating temperature increases, the 
thermochemical storage efficiency first increases for methane conservation rising and then decreases for heat loss 
rising. When the operating temperate is 800oC, the methane conservation is about 80%, and the thermochemical 
storage efficiency and total energy efficiency can be higher than 45% and 70%. The methane reforming process is 
further simulated using the laminar finite-rate model and Arrhenius expression, and the simulated temperature 
distribution, methane conversion and energy storage efficiency totally have good agreements with experimental data. 
Keywords:  methane reforming with carbon dioxide; tubular packed reactor; porous medium; thermochemical storage; 
solar energy 
1. Introduction  
Methane reforming with carbon dioxide is a high temperature and highly endothermic process for 
solar thermochemical storage [1-2], and the product syngas as a mixture of CO and H2 can be used as fuel 
for gas turbine power generator [3] and chemical raw materials. Tubular packed reactor is widely used for 
CH4/CO2 reforming as well as many other reaction processes. Nandini et al. [4] proposed electrically 
heating packed reactor to investigate CH4/CO2 reforming using Ni-K/CeO2-Al2O3 catalyst. Huang et al. [5] 
investigated CH4/CO2 reforming performances over SBA-15 supported Ni-Mo bimetallic catalysts using a 
fixed-bed quartz reactor. Based on available experimental results, the local mass and heat transfer of 
methane reforming in the packed reactor have been numerically calculated [6-8].  
Available researchers mainly investigated the catalytic performances of methane reforming process, 
while the basic temperature field and thermochemical storage performance of the reactor were seldom 
experimentally reported. In this paper, the heat transfer and thermochemical storage characteristics of 
CH4/CO2 reforming using Ni/ Al2O3 catalyst are experimentally and numerically studied under different 
operating temperatures, flow velocities and molecule ratios. 
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2. Experimental system and results 
The present experimental system mainly includes furnace, tubular packed reactor and reactant bottles, 
and the reactor is mainly heated by the radiation of furnace as analogue of concentrated solar energy. The 
reactants flow through the catalyst bed in the reactor, and then convert thermal energy into chemical 
energy. The tubular packed reactor is made of quartz, and its outer and inner diameters are respectively 30 
mm and 26 mm, as illustrated in Fig. 1. The bed packed with catalyst particles is fixed in the middle 
region of tubular reactor, and the catalyst in this experiment is Ni/Al2O3 (Ni-15 wt%) with quality of 100 
g. The catalyst bed has length of 200 mm and porosity γ of 0.764, and the average diameter of catalyst 
particle Dp is 3 mm. The flow rates of reactants (CH4, CO2) are measured and controlled by flowmeter 
with uncertainty of 1%. The temperatures are measured by K-type thermocouple with uncertainty of 5oC. 
The component of the reaction and product can be analyzed by gas chromatography GC9800 with probe 
unit TCD, and the uncertainty is 2%. 
 
(a) Experimental system                                                                             (b) Geometry 
Fig. 1. Tubular packed reactor  
During the methane reforming with carbon dioxide process, the methane conversion is estimated as: 
XCH4=(FCH4,i-FCH4,o)/FCH4,i (1), where FCH4,i and FCH4,o represent the methane mole flow rates at the inlet 
and outlet of the reactor. The powers can be respectively calculated as: Qch=FCH4,iXCH4ΔH (2a), 
Qse=∑Fkceff,k(Ti-To) (2b), Qlo= Qhe-Qch-Qse (2c), Qhe=IU (2d), where Qch, Qse, Qlo and Qhe represent the 
thermochemical storage power, sensible heat increment, heat loss and the furnace heating power, ΔH is 
the reaction heat, ceff is effective molar specific heat, Ti and To represent the inlet and outlet temperature. 
The thermochemical storage efficiency and the total energy efficiency including sensible heat and 
chemical energy can be described as ηch= Qch/Qhe (3a), ηtot=1-Qlo/Qhe  (3b). 
Figs. 2-3 illustrate the energy storage performances of the reactor under different operating 
temperature T0, where the inlet flow rate qv=4 L/min, molecule ratio FCO2/FCH4=1. As the operating 
temperature rises, the thermochemical storage power first quickly increases and then approaches to the 
maximum for high enough methane conversion, while the sensible heat increment and heat loss gradually 
increase. As a result, the thermochemical storage efficiency has maximum 47.2% under optimal operating 
temperature 750oC. Fig. 4 presents the catalyst bed temperature Tca and methane conversion under 
different flow rates, where FCO2/FCH4=1, T0=800oC. As the flow rate increases, the catalyst bed 
temperature apparently drops for remarkable heat absorption by thermochemical storage, and the methane 
conversion decreases as the station time of reaction gas dropping. As the flow rate rises from 2 L/min to 8 
L/min, the catalyst temperature decreases from 725.6oC to 617.9oC, and the methane conversion 
decreases from 81.4% to 57%, while the thermochemical storage power rises for 1.8 times. Fig. 5 presents 
energy efficiency and  methane conversion of the reactor under different molecule ratio, where T0=800oC, 
qv=6 L/min. As the molecule ratio FCO2/FCH4 increases, the methane conversion remarkably increases, 
while the thermochemical storage power and efficiency decreases. 
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Fig. 2. Powers under different operating temperatures         Fig. 3. Energy efficiency under different operating temperatures 
(qv=4 L/min, FCH4/FCO2=1)                                                                 (qv=4 L/min, FCO2/FCH4=1) 
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Fig. 4. Catalyst temperature and methane conversion under                         Fig. 5. Energy efficiency and  methane conversion under 
different flow rates (T0=800oC, FCO2/FCH4=1)                                           different molecule ratios (T0=800oC, qv=6 L/min) 
3. Numerical model and analyses 
The methane reforming process is further simulated using the laminar finite-rate model and 
Arrhenius expression, and detailed calculation model can refer to our previous research [9]. The reactor 
structure and boundary conditions are derived from the present experiments as Fig. 1. The unstructured 
quadrilateral meshes are generated using commercial software Gambit 2.2.30, and the whole problem is 
solved using FLUENT 6.3 with maximum relative error of 10-4. 
Based on the numerical model, the distributions of temperature, flow velocity and molecule 
concentration in tubular packed reactor will be calculated, and the methane conversion and energy power 
can be derived. Table 1 presents the comparison of methane conversion from simulation and experiment, 
where qv=4 L/min, FCO2/FCH4=1, and subscript SI denotes simulation. Apparently, the simulated methane 
conversion have good agreements with experimental data with deviation 5.7%. Table 2 presents 
experimental and simulated thermochemical storage power and heat loss, where qv=4 L/min, FCO2/FCH4=1. 
In general, the simulated thermochemical storage power fit with experiment with maximum deviation 
6.6%, while the maximum deviation of heat loss from experiment and simulation is 11.1%.  
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Table 1. Experimental and simulated methane conversion (qv=4 L/min, FCH4/FCO2=1) 
Runs T0 (oC)
FCH4 
(L/min) 
FCO2 
(L/min) 
ηCH4 
 (%) 
ηCH4,SI 
 (%)
Deviation  
(%)
1 700 2 2 49.0 51.8 5.7 
2 750 2 2 69.8 67 -4.0 
3 800 2 2 79.6 76.8 -3.5 
Table 2. Experimental and simulated thermochemical storage power and heat loss (qv=4 L/min, FCH4/FCO2=1) 
Runs
T0 
(oC) 
Qch 
(W) 
Qch,SI 
(W) 
Deviation 
(%) 
Qlo 
(W) 
Qlo,SI 
(W) 
Deviation 
(%) 
1 700 191.1 190.4 -0.4 137.5 144.6 5.2 
2 750 263.8 246.3 -6.6 158.4 158.8 0.3 
3 800 298.3 282.3 -5.4 192.5 171.1 -11.1 
4. Conclusions 
The present article experimentally and numerically studied heat transfer and energy storage 
characteristics of methane reforming in tubular packed reactor, and found that the methane reforming can 
efficiently storage high temperature thermal energy. Under optimal operating temperature 750oC, the 
thermochemical storage efficiency has maximum 47.2%, and the total energy efficiency is 71.7%. The 
simulated heat transfer and energy storage parameters very well fit with experimental data. 
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